Lee (2004) articulated that alignment, adaptability, and agility are the basic ingredients for managing supply chain risks. While it is clear that flexibility (agility) enhances supply chain resiliency, it remains unclear how much flexibility is needed to mitigate supply chain risks. Without a clear understanding of the benefit associated with different levels of flexibility, firms are reluctant to invest in flexibility especially when reliable data and accurate cost and benefit analysis are difficult to obtain. In this paper, we present a unified framework and 5 stylized models to illustrate that firms can obtain significant strategic value by implementing a risk reduction program that calls for a relatively low level of flexibility. Some of our model analyses are based on or motivated by models presented in recent literature. Our findings highlight the power of flexibility, and provide convincing arguments for deploying flexibility to mitigate supply chain risks.
Introduction
Throughout the 1990s, many firms strived to improve their financial performance by implementing various supply chain initiatives. These initiatives were intended to increase revenue (e.g., more product variety, more-frequent new product introductions, more sales channels/markets), reduce cost (e.g., supply base reduction, online sourcing including e-markets and online auctions, offshore manufacturing, Just-in-Time inventory systems, vendor managed inventory), and reduce assets (e.g., outsourced manufacturing, information technology and logistics). These initiatives can be effective in a stable environment; however, as the number of supply chain partners increases, these global supply chains can become "longer" and "more complex." According to an industry study conducted by AMR Research in 2006, over 42% of the companies manage more than 5 different supply chains mainly because of the need to produce multiple products for multiple markets (c.f., AMR (2006) ).
Long and complex global supply chains are usually slow to respond to changes, and hence, they are more vulnerable to business disruptions. According to a study conducted Christopher (2004) , Martha and Subbakrishna (2002) , Monahan et al. (2003) , and Chopra and Sodhi (2004) for more details. Business disruptions can have long-term stock price effects and equity risk effects. Based on an analysis of 827 disruption announcements made over a 10-year period, Hendricks and Singhal (2005) found that companies suffering from supply chain disruptions experienced 33-40% lower stock returns relative to their industry benchmarks over a 3-year time period that starts one year before and ends 2 years after the disruption announcement date. In addition to rare-but-severe disruptions, there are at least 6 major types of supply chain risks that occur regularly 2 :
• Supply risks. To reduce the cost of managing multiple suppliers and to foster better supplier relationships, many U.S. manufacturers reduced the number of direct suppliers throughout the late 80's and early 90's. Some companies even pushed for sole sourcing. While managing a small number of suppliers is more efficient, it can increase supply risks. We describe 2 types of supply risks.
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(A) Supply Cost Risks. When Intercon Japan's connector manufacturer sourced a special type of bronze from a single metal supplier (Asahi Metal), Intercon Japan has very little control of the material cost. The reader is referred to Tang (1999) and the references therein for details.
(B) Supply Commitment Risks. Under their partnership agreement, Canon is the sole supplier of the engines for the HP LaserJet printers. To keep supply costs down, HP has to place its order 6 months in advance and HP is not allowed to change the order quantity once the order is placed. This arrangement limits HP's capability to react to changes in demand. The reader is referred to Lee (2004) for details.
• Process risks. To improve internal quality and capabilities, firms have invested heavily over the past decade in programs such as Total Quality Management (TQM), Lean Manufacturing and Six Sigma. However, internal operations (including inbound and outbound logistics) are still susceptible to issues that can cause fluctuations in effective capacity and quality. For example, in 2004 IBM announced that yield problems at its plant in East Fishkill, New York contributed to the $150 million first-quarter loss by its microelectronics division (c.f., Krazit (2004) ). The lower-than-expected yields reduced the plant's effective capacity and limited IBM's ability to meet customer demand.
2 Many executives and researchers are paying more attention to handling major disruptions after September 11, 2001 (c.f., Chopra and Sodhi (2004) , Kleindorfer and Saad (2005) , Rice et al. (2003) , Sheffi (2001) , and Sheffi (2005) ). However, it remains critical to develop ways to manage supply chain risks arising from the problems of coordinating supply and demand because these risks are omnipresent. 3 There are other types of supply risks including supply quality, supply reliability, supplier solvency, etc.
• Demand risks. To increase revenue, many firms sell their products in multiple countries. To satisfy certain country-specific requirements such as power supply and language driver, Hewlett-Packard (HP) has to develop multiple versions for each model of their DeskJet printers. Each version serves a particular geographical region (Asia-Pacific, Europe, or Americas). Due to uncertain demand in each region, HP faced the problem of overstocking certain printers in one region and under-stocking certain printers in other regions. The reader is referred to Kopcak and Lee (1993) for details. This example reflects a risk facing companies that sell multiple products: not only is the demand volume unpredictable but so is the demand mix, i.e., the demand for each of the product variants. Demand risk therefore encompasses uncertainties in both volume and mix.
• Intellectual property risks. While outsourcing or off-shoring can result in lower manufacturing costs, it makes it difficult to protect intellectual property (IP). For example, even though the reform of the Intellectual Property protection law has made some good progress after China's WTO entry in 2001 (http://www.chinaiprlaw.com/english/news/news5.htm), some unfortunate incidents can still occur in China. For instance, multinational firms are not necessarily protected legally when their Chinese suppliers start producing unauthorized products using virtually identical design and materials. To elaborate, when the relationship between New Balance shoes and one of their Chinese suppliers went sour, this Chinese supplier started producing different types of shoes using a logo that resembles the New Balance's block "N" saddle design. New Balance filed a lawsuit in China without success and the saga continues. The reader is referred to Chandler and Fung (2006) for more details. As such, it is still difficult to protect IP and to eliminate the risk of counterfeits when a multinational firm outsourced their manufacturing operations to their Chinese suppliers under certain licensing or contractual agreements.
• Behavioral risks. As the number of partners increases in a global supply chain, the level of visibility and control can be reduced significantly. For instance, according to a study conducted by AMR Research in 2006, supply chain visibility is relatively low: few companies have demand/inventory information from downstream partners and over 56% of the companies take more than 2 weeks to sense changes in actual demand. The low visibility level and the low control level reduce the "confidence" of each supply chain partner regarding the following information: the replenishment lead time/order status quoted by upstream partners, demand forecasts provided by downstream partners, etc. Christopher and Lee (2004) argue that a low confidence level may induce damaging behavior such that the entire supply chain enters a "risk spiral" that can be described as follows. Each supply chain partner either "inflates" their order or "disguises" their on-hand inventory because of the lack of confidence in the replenishment lead time, demand forecasts, etc. The confidence level deteriorates further as every partner starts gaming the system, and hence, the "risk spiral" continues. To break this vicious cycle, supply chain visibility, timely communication, and coordinated corrective actions are needed to restore the confidence level of each supply chain partner.
• Political/Social risks. A global supply chain is subjected to social/political risks when multiple countries are involved. For example, Airbus, a four-nation consortium, is facing an opportunity loss of 4.8 billion euros due to a 2-year delay in launching the super-jumbo A380. In addition to technical problems associated with the wiring system, political battles may be a key reason for the delay because of the political pressure to "balance" the interests of 4 different European countries. As reported in Gumbel (2006) , Airbus' parent, EADS is struggling to develop a restructuring plan to replace political bargaining with industrial logic.
In this paper, we focus on 3 of these 6 types of risks that are inherent to all supply chains, namely, supply, process, and demand risks (Figure 1 ). Supply risks include the risks associated with supply cost, supply quality, and supply commitment. Process risks include the quality, time and capacity risks associated with in-bound and out-bound logistics and in-house operations. Demand risks include the risks associated with demand uncertainty.
This paper is organized as follows. Section 2 describes two types of risk mitigation strategies: one for reducing the likelihood of occurrence for certain events, and one for reducing the magnitude of the impact should such events occur. In Section 3, we shall examine how different types of flexibility strategies can be used to reduce the magnitude of the impact should certain events occur. Section 4 presents some stylized models that are intended to illustrate the power of flexibility. Some of our analyses are based on or motivated by models presented in recent literature. We show that only a small amount of Figure 1 . Supply Risks, Process Risks, and Demand Risks flexibility is required to mitigate supply, process, and demand risks. Section 5 concludes this paper.
Strategies for Reducing Supply, Process and Demand Risks
There are two common measures of risk: the likelihood of the occurrence of an (undesirable) event, and the negative implications of the event.
4 Some (undesirable) events associated with supply, process, and demand risks include: increase in supply cost, decrease in supply capability, discrepancy between forecast and actual demand, etc.
There are two types of strategies for reducing supply chain risks. The first type is intended to reduce the likelihood of the occurrence of certain undesirable events, while the second type is designed to reduce the negative implications of these events. We now discuss these two types of strategies.
To reduce the likelihood of the occurrence of certain undesirable events, there are two effective mechanisms: one is based on the risk avoidance concept and the other one is based on some TQM principles. First, there are certain risk avoidance mechanisms, say, the Poka-Yoke system or advance warning system that seek to "prevent" certain undesirable events from occurring. 5 For example, Lee and Wolfe (2003) illustrate how certain technologies, say, biometric systems for positive identification of personnel and smart container systems for monitoring internal temperature and pressure of each container, can be used to prevent containers being tampered throughout the shipping process. Second, by considering mechanisms that utilize the TQM principles, it is plausible for firms to develop strategies for reducing the likelihood of the occurrence of certain undesirable events associated with supply, process, and demand risks. For example, the Container Security Initiative (CSI) is based on one of the TQM principles (inspection at the source). Under this initiative, all containers are pre-screened at the 4 Bogataj and Bogataj (2007) develop a parametric linear programming approach for measuring supply chain risks in terms of lead-time pertubations. Also, Ojala and Hallikas (2006) present a framework for analyzing the investment decision making process for reducing risks in buyer-dominating supplier networks. 5 The Poka-Yoke system involves designing a process so that any deviation to perfection will be identified and corrective action will be taken immediately.
port of departure before they arrive at U.S. ports, which will reduce the likelihood of seaport terrorist attack in the U.S.
To reduce the negative implications of certain undesirable events associated with supply, process, and demand risks, one can develop mechanisms by considering the "Triple-A" principles introduced by Lee (2004) : Alignment, Adaptability, and Agility. 6 Essentially, Alignment, Adaptability and Agility connote long, medium, and short term perspectives, respectively. We shall discuss each of these principles in turn.
First, aligning interests among supply chain partners can reduce supply chain risks. For example, to mitigate its supply cost risk, Intercon Japan first developed a second supplier Nagoya Steel. Then Intercon Japan developed incentives and disincentives for these two suppliers (Asahi Metal or Nagoya Steel): a supplier will get a higher share of the business for offering a lower supply cost. The reader is referred to Mishina and Flaherty (1988) customers because they were unable to pay for imported materials; however, Li and Fung adapted to the situation quickly by shifting some production to other suppliers in Asia and by providing financial assistance to those affected Indonesian suppliers to ensure 6 Besides these 3 principles, firms can always build in some redundancies throughout the supply chain so as to reduce the cost implications of certain undesirable events associated with supply, process, and demand risks. For example, extra inventory, extra back-up production capacity, extra back-up suppliers, etc. are potential redundancies that would enable firms to make supply meet demand. However, as articulated by Sheffi (2005) , redundancies are usually expensive because they are put to use only when certain unanticipated events occur. Also, redundancies disguise inefficiencies in the supply chain, which could inhibit the achievement of a lean supply chain. Unlike redundancies, flexibility can reduce the impact of the occurrence of certain unanticipated events, and it can also be put to use with certain planned events. For example, a flexible manufacturing system would enable a firm to plan for more product variety effectively.
business continuity. With an adaptive supply network, Li and Fung was able to serve their customers in a cost-effective and time-efficient manner. The reader is referred to St.
George (1998) for details. According to Lee (2004) , adaptability can be achieved by using intermediaries such as Li and Fung, by creating flexible product designs such as Xilinx's programmable integrated circuits, or by monitoring new markets.
Third, supply chain agility enables a firm to reduce the impact of short-term changes in demand or supply. For example, to reduce the overstock and under-stock costs of different versions of DeskJet printers, HP redesigned its DeskJet printers by delaying the point of product differentiation. Specifically, HP first manufactures and ships generic printers to the distribution centers in different regions. These generic printers are then customized for different country-specific markets at each distribution center. The generic printers are produced according to a make-to-stock system, while the country-specific printers are customized in a make-to-order manner. This postponement strategy has enabled HP to respond to the demand changes quickly and effectively. The reader is referred to Lee and Tang (1997) for a detailed description of various mechanisms for delayed product differentiation such as modular design, standardization, commonality, etc., and Feitzinger and Lee (1997) for a detailed description of successful implementations of various postponement strategies at HP.
Flexibility Strategies for Reducing the Magnitude of SC Risks
In this paper, we focus on strategies that are based on the Agility principle.
Specifically, we investigate strategies that enable supply chains to become more flexible so as to reduce the negative implications of the occurrence of certain events associated with supply, process, and demand risks. There are several empirical studies examining the impact of production flexibility (or agility). For example, Suaraz et al. (1996) conducted an empirical study of printed circuit board assemblers in the U.S., Japan, and • Flexible supply strategy via multiple suppliers. As discussed in Section 2, both Intercon Japan and Li and Fung can make use of multiple suppliers to reduce supply cost risks. Specifically, both firms have the flexibility to order from the supplier with the lowest cost. In this case, it is clear that the firm has more supply flexibility as the number of suppliers increases. In the next section we shall present a stylized model for examining the impact of the number of suppliers (a measure of supply flexibility) on the supply cost.
7 In addition to these 5 types of flexible strategies, there are other strategies that can enhance the overall flexibility of the entire supply chain. For example, to reduce the exposure to various types of supply chain risks, one can shorten the overall lead time by redesigning the supply chain network. For instance, Liz Claiborne launched a campus in China by bringing all stages of the textile supply chain to the campus. This campus concept enabled Liz Claiborne to reduce the lead time from concept to retail store from the current 10 to 50 weeks to fewer than 60 days (c.f., Tang (2006a) ). Next, Sun Microsystems implemented the "one touch" supply chain strategy by shifting most of the manufacturing operations to its contract manufacturers. With fewer steps in the supply chain process, this "one touch" strategy has enabled Sun Microsystems to reduce lead time, reduce cost, and increase supply chain visibility (c.f., Gary (2005) . 8 This strategy includes the possible of having multiple logistics providers to offer alternative mode or alternative route of transportation should a disruption occur.
• Flexible supply strategy via Flexible Supply Contracts. As discussed in Section 1, HP faces a supply commitment risk because HP is not allowed to change their order quantity once submitted. To reduce the supply commitment risks, Canon agreed to allow HP to adjust their order quantity upward or downward by no more than a few percent. In this case, the upward/downward adjustment limits capture the flexibility level of this supply contract. This type of supply contract is called a Quantity Flexible (QF) contract and it has been investigated by Tsay and Lovejoy (1999) . Due to the multi-period nature of their model, an analytical characterization of the value of flexibility is not feasible. In the next section we shall develop a stylized model to analytically examine the value of flexibility (in terms of the adjustment limits) on the expected profit.
• Flexible process strategy via Flexible Manufacturing Process. To reduce production cost, Texas Instrument (TI) organized their LCD watch manufacturing facility according to an assembly line. This assembly line was efficient for producing high volume of a few models of LCD watches at low cost. Unfortunately, as the LCD watch market became mature and as Seiko introduced many different models of LCD watches, TI was unable to use this inflexible assembly line to compete on cost and product variety. Consequently, TI exited the watch market completely. 9 As described in the TI example, the inflexible assembly line inhibited TI's ability to increase product variety to compete with Seiko. To produce multiple products efficiently and effectively, a firm needs to increase process flexibility by installing systems such as Flexible Manufacturing Systems (c.f., Sethi and Sethi (1990) ).
10 Consider a situation in which a firm has multiple plants for producing multiple products. As processes become more flexible, different types of products can be manufactured in the same plant. While total process flexibility (i.e., each plant is capable of producing all products) enables a firm to reduce process risks significantly, the cost of implementing total process flexibility can be exorbitant. Thus, one wonders if it is necessary for a firm to possess total process flexibility. Motivated by the work developed Jordan and Graves (1995) in the context of demand risk, we adapt a special case of their model to examine the value of limited flexibility in the context of process risk. In particular, we consider the fluctuating capacity aspect of process risk.
• Flexible product strategy via Postponement. Recall from the HP DeskJet example in Section 2 that HP delayed the point of differentiation until the last stage of the process that occurs at the distribution centers. As the generic printers are completely flexible, delaying the point of product differentiation until the last stage of the process would offer HP the highest level of product flexibility for mitigating demand risks. Because the cost of postponing the point of differentiation until the last stage of the process can be excessive, one wonders if it is necessary for HP to delay its product differentiation until the last stage of the process. In the next section, we shall apply the result developed by Lee and Whang (1998) to analyze the value of limited product flexibility.
• Flexible pricing strategy via Responsive Pricing. When the supply process is inflexible, one can use a pricing mechanism to influence customer demand so as to reduce demand risks. For example, as the supply of certain components from Taiwan was affected by an earthquake, Dell's response was to lower the price of certain products so as entice their online customers to "shift" their demands to other Dell computers that utilized components from other countries. 11 In the next section, we shall develop a stylized model for examining the value of responsive pricing.
Although these 5 types of flexible strategies are described separately, one can implement some of these strategies jointly. Here are some examples. First, a firm can combine the "multiple suppliers" strategy and the "flexible supply contracts" strategy by implementing different flexible supply contracts with multiple suppliers. Hence, a firm can establish a "portfolio" of suppliers, say, a long-term inflexible supply contract with one supplier at a lower supply cost, and a more flexible supply contract with another supplier at a higher supply cost. This portfolio approach has enabled many firms to mitigate their supply chain risks. Specifically, Zara, the most profitable fashion company in Europe, sources their stable items from China at low cost with very little flexibility in changing order quantity and makes their fashion items at their own plant in Coruna. The reader is referred to Ferdows et al. (2004) for details. In addition, Billington (2002) highlighted how this portfolio approach mimics the financial portfolio theory and how it enabled HP to reduce the average and the standard deviation of the procurement cost.
Next, by combining the "multiple suppliers" and the "flexible manufacturing process" strategies, a firm can have multiple plants with flexible manufacturing processes in multiple countries so that the firm can shift the production volume of a portfolio of products from one plant to a different plant quickly. This combined strategy offers the "operational flexibility" that would allows a firm such as Li and Fung to reduce supply risks including currency exchange risks. The use of operational flexibility to exploit uncertain exchange rates is called "operational hedging" and it has been examined by various researchers including Huchzermeier and Cohen (1996) and Kouvelis et al. 11 The capability to influence customer choice enabled Dell to improve its earnings in 1999 by 41% even during a supply crunch (c.f., Martha and Subbakrishna (2002) ). (2006) . The reader is referred to Boyabatli and Tokay (2004) for a review of recent research in the area of operational hedging. Combining different flexibility strategies would certainly reduce supply chain risks and it is certainly of interest to investigate the "compounding" effect of a combined strategy. However, the analysis of a combined strategy is beyond the scope of this paper. Such analysis is complex because it depends on the specific combination of certain flexibility strategies. 12 In the remainder of this paper, we shall focus our analysis on the power of flexibility associated with each of the flexibility strategies.
4. The Power of Flexibility: How much flexibility do we need?
In the last section, we have described and highlighted the benefits of these 5 types of flexibility strategies. We now present 5 separate stylized models to examine a fundamental question: Do firms need a lot of flexibility to manage supply chain risks?
(For presentational clarity, we relegate the technical analysis of the general case of certain models to the Appendix and, instead, present illustrative special cases in the main body.) Since our focus is on the benefit of flexibility, we do not consider the cost for implementing additional flexibility in our models. Clearly, one can combine the cost and the benefit associated with different levels of flexibility to determine the optimal level of flexibility. However, the determination of the optimal level of flexibility is beyond the scope of this paper. Based on the analysis of these 5 stylized models, it appears that, in many instances, a firm can obtain significant value from implementing one of these flexibility strategies with limited flexibility . In other words, to reduce supply chain risks, limited flexibility is all it takes. In the absence of reliable data and absolutely accurate cost and benefit analysis, our analysis may increase a firm's confidence for implementing some of these strategies with limited flexibility.
Supply-cost risk: the power of flexibility via multiple suppliers
The following model is motivated by the flexible supply strategy adopted by 12 To our knowledge, there are only a few papers that examine the impact of a combined strategy mainly because of the underlying complexity. Goyal and Netessine (2005) Intercon Japan and Li and Fung as described in Section 2. Consider a situation in which a manufacturer has 5 pre-qualified suppliers with uncertain supply costs. The unit cost of supplier j, denoted by C j (j=1,2,.., 5), is equal to $5, $10, or $15 with equal probability 1/3. Here, we assume that the unit costs of different suppliers are identical and independently distributed. This assumption is reasonable when the suppliers are located in different countries and the currency exchange rates are independent. In any event, the same approach can be used to analyze the case when the unit costs are dependent with discrete probability distributions. To satisfy the demand in each period, we also assume that the manufacturer always orders from the supplier who offers the lowest unit cost.
probability distributions, i.e., Bernoulli, Uniform and Exponential distributions.) Figure   2 implies that significant savings in the expected unit cost can occur when a firm orders from a handful of suppliers. Therefore, to reduce supply cost risks, it is sufficient to order from a small number of suppliers. This may also explain why Intercon Japan sourced from 2 to 3 suppliers only. This illustrates the power of supply flexibility via multiple suppliers. The following model is motivated by the flexible supply contract between Canon (the supplier), HP (the manufacturer), and Best Buy (the retailer) as described in Sections 1 and 3. Consider a supply chain comprising a supplier, a manufacturer, and a retailer.
The supply cost is $c per unit, the wholesale price is $p per unit, and all unsold units have 0 salvage value. We consider a 2-period model in which the retailer would place his order only at the end of period 1. 14 However, due to the supply lead time, the manufacturer needs to place an order with the supplier at the beginning of period 1, which occurs prior to the actual order to be placed by the retailer. The ordering process, as described here, is common in practice including computer industry (c.f., Lee (2004)) and apparel industry (c.f., Hammond and Raman (1995) ).
At the beginning of period 1, the manufacturer estimates that the retailer would order D = a + ε at the end of period 1, where the term a represents the forecasted demand and ε corresponds to the uncertain market condition to be realized in period 1.
Based on the information about c, p, and D, the manufacturer orders x units at the beginning of period 1, where x is a decision variable. Clearly, the order quantity x would depend on the flexibility level of the supply contract engaged between the manufacturer and the supplier. Let us consider the following "u-flexible" supply contract that can be described as follows when the retailer orders d = a + e at the end of period 1, where e is the realized value of ε. Under the u-flexible supply contract, the manufacturer is allowed to modify his order from x units to y units (a decision variable)
after receiving the actual order from the retailer at the end of period 1. However, the modified order y must satisfy: x(1-u) ≤ y ≤ x(1+u), where u ≥ 0 represents the allowable adjustment in percentage. By observing the fact that the feasible range of y increases as the parameter u increases, the parameter u represents the flexibility level of the u-flexible contract. In the Canon-HP example, the value of the parameter u was only a few percent (c.f., Lee (2004) ).
To illustrate the impact of u on the manufacturer's expected profit, we set p = 2, c =1, a = 100 and assume that ε is uniformly distributed between -50 and 50, i.e., the probability density function is 1/100. (In Appendix A2, we provide the analysis of a more general model in which ε has a general probability distribution and the parameters p, c, and a are not restricted to any particular value.) Our approach for evaluating the value of u is as follows. For any given value of u, we first determine the optimal modified order quantity y for any given initial order quantity x and e (the realized value of ε). Then we determine the optimal initial order x and the manufacturer's optimal expected profit. Finally, we can evaluate the impact of u by tracing the manufacturer's optimal expected profit as a function of u.
Given u, x, and e, the manufacturer can determine the optimal modified order y that maximizes the manufacturer's profit: π(u, x, e) = Max y [p*Min{y, a + e} -cy], subject to: x(1-u) ≤ y ≤ x(1+u). Since p = 2, c =1, a = 100, one can verify that the manufacturer's optimal profit π(u, x, e) can be expressed as:
Since e is the realized value of ε that is uniformly distributed between -50 and 50, we can compute π(u, x), the expectation of π(u, x, e): 4.3. Process risk: the power of flexibility via flexible manufacturing processes Jordan and Graves (1995) 16 focus on the benefits of process flexibility for managing demand risk. However, process flexibility can also help mitigate the process risk associated with fluctuating capacities. As described in Section 1, capacity uncertainty is inherent to many manufacturing processes especially in integrated circuit fabrication (c.f., Krazit (2004) ). The following stylized model is a modified version of a special case presented in Jordan and Graves (1995) . Our model focuses on process risks in terms of capacity uncertainty rather than demand uncertainty.
Consider a firm that sells 4 different products ( 2, 3, 4) , denoted by C j , is equal to 50, 100, or 150 units with equal probability 1/3. 17 In this setting, there is no redundant capacity in the sense that the average total aggregate capacity of all 4 plants is 400 units, which is equal to the total aggregate demand of all 4 products. When using the uncertain capacity at each plant to meet the known demand of each product, the firm needs to allocate the realized capacity at each plant to different products so that the total revenue is maximized. To do so, the firm needs to pre-specify the products that each plant is capable of producing.
To illustrate the power of process flexibility, we focus on the following system configurations. A system is considered to possess "h-flexibility" when each plant has the capability of producing exactly h products and when the system is configured in a certain manner as described below. 18 When h = 1, each plant j is capable of producing product j only, where j = 1, 2, 3, 4. Hence, 1-flexibility system corresponds to the system with no flexibility. Figure 4 depicts the h-flexibility system for h = 1, 2, 3, 4. Clearly, the 4-flexibility system (i.e., when h = 4) corresponds to the system with total flexibility. 17 While we use this specific numerical example for illustrative purposes, the same approach can be used to analyze the power of flexibility in a more general setting in which the demand can take on any deterministic value and the capacity of each plant can follow any discrete probability distribution. 18 To simplify our exposition, we restrict our attention to this particular type of system configurations. The reader is referred to Jordan and Graves (1995) for an in-depth analysis of a model in which different plants are capable of producing different number of products. We omit the details here. 
4-flexibility system
For simplicity, we shall assume that the unit selling price of each product is equal to $1 and that unsold units have no market value. 19 Therefore, the revenue of the firm is equal to the effective sales of the firm. Hence, to examine the power of process flexibility, we need to first determine and then compare the effective sales associated with different system configurations. In preparation, let us consider a h-flexibility system. Let A(h) be the set of arcs so that (i, j) ∈ A(h) only if plant j is capable of producing product i. In this case, for any arc (i, j), let X ij be the number of units of product i to be produced by plant j. For any given realization of plant capacities, say, C = c = (c 1, c 2, c 3 c 4 ), the effective sales associated with the h-flexibility system, denoted by S(h; c), corresponds to the optimal objective function of the following network flow problem (P), where:
Notice that the effective sales S(h; c), as defined in the above network flow problem, corresponds to the maximum sales that the firm can attain for any given h-flexibility system and for any realization of capacity c = (c 1, c 2, c 3 c 4 ). The first constraint represents the capacity constraint. The second constraint specifies that the firm will not over-produce any product because of the assumption that all unsold units have no value.
Clearly, problem (P) is always feasible because X ij = 0 is a feasible solution.
Let S(h) be the expected effective sales associated with the h-flexibility system, where S(h) = E( S(h; c)). It is easy to observe from 
To compute S(2) and S(3), we first compute the S(2, c) and S(3, c) for each of the 81 possible plant capacity scenarios (i.e., different realizations of c) by solving the above network flow problem (P) using Excel Solver. Then we can compute S(2) and S(3) by considering the probability of each realization. In summary, one can show that S(1) = 333.33, S(2) =367.9, S(3) =
19 The same approach can be used to analyze the value of process flexibility when these two assumptions are relaxed.
367.9, S(4) = 367.9. 20 This result implies that the 2-flexibility system yields the same capability as the 4-flexibility system.
Let V(h) be the percentage increase in the expected sales associated with a hflexible system over the 1-flexibility system (i.e., the system with no flexibility).
Specifically, we define V(h) = (S(h) -S(1))/S(1). Figure 5 shows that the percentage increase in the expected sales V(h) is increasing and concave in h. (By considering demand shortfall (i.e., unfilled demand) as a measure, we analyze the benefit of process flexibility for the case in which plant capacities are normally distributed in Appendix A3.
We show analytically that the percentage reduction in demand shortfall is indeed increasing and concave in h.) Figure 5 implies that significant increase in the effective sales can occur even with a system with limited process flexibility. Therefore, to reduce process risks, it is sufficient to operate a manufacturing system with limited flexibility.
This illustrates the power of process flexibility via flexible manufacturing process. The following description is a simplified version of the n-product model presented in Lee and Whang (1998) . Consider a firm that sells 2 end-products, each of which is made-to-stock in batches of any size. It takes T time periods to produce a 20 Notice that the expected total shortfall of demand for a h-flexible system is equal to (E(∑D i )) -S(h). Therefore, the demand shortfall is an opposite measure of effective sales of a h-flexibility system. batch from start to finish. Sales take place every time period. The production process is a 2-stage production process. A generic semi-finished product that has not assumed the identity of an end product is produced in the first stage that takes τ periods. In the second stage lasting T-τ time periods, generic products are customized to 2 endproducts. Therefore, by viewing the time period τ as the "point of product differentiation," we refer this process as the τ-postponement strategy when it takes τ time periods to produce a generic semi-finished product at the first stage and T-τ time periods to customize these generic products into two different end-products. Figure 6 depicts a process under the τ-postponement strategy. Clearly, the 0-postponement strategy corresponds to the "no postponement" strategy. Since the generic product is more flexible, the production process is more flexible as τ increases. The two-stage production process, as depicted in Figure 6 , fits the simplified version of the description of car manufacturing production process presented by Asanuma (1991) . At the beginning of each month, each dealer sends orders specifying only the total number of units for each car line and the manufacturer start producing the generic semi-finished cars up till month τ. At time τ, dealers provide full specifications of the cars they ordered earlier and the manufacturer will customize these semi-finished cars accordingly. In this case, the manufacturer can produce according to the advance notice of aggregate demand and the dealers can postpone the decision regarding product Let D i (t) denote the demand of product i to be realized t periods in the future, where i = 1, 2. To capture the evolving demand pattern, Lee and Whang (1998) considered two demand models, namely, (a) The Independent and Identically Distributed By considering a situation in which the sales and inventory review take place every time period, the inventory is held only in finished goods form, and the entire production system is managed according to a periodic review order-up-to system, the sequence of the event associated with production system depicted in Figure 6 can be described as follows. At the beginning of each time period, the finished goods inventory level of all end-products is reviewed and the firm needs to make two decisions. First, the firm needs to decide how to allocate and customize the semi-finished products just completing its first stage to 2 different end-products. Second, the firm needs to specify the number of new items to be process at the beginning of the first stage. In this model, customer orders are filled from the finished goods inventory, and all unmet demands are backordered. By assuming a linear shortage and inventory holding cost and by extending the analysis presented in Eppen and Schrage (1981) , Lee and Whang (1998) 21 We omit the proof here. However, the reader is referred to Lee and Whang (1998) for details.
demand models, respectively. For the 2-product case, Lee and Whang (1998) showed that: 22 The optimal order-up-to levels S IID (τ) and S RW (τ) depend on the safety factor k, which depends on the shortage and inventory holding cost. However, the safety factor k is cancelled out when we compute the ratios V IID (τ) and V RW (τ) .
Demand risk: the power of flexibility via responsive pricing
We now present a stylized model to illustrate the benefit of postponing the pricing decision. This model is motivated by the work of Van Mieghem and Dada (1999) in which they examine the joint effect of production postponement and price postponement.
Whereas Van Mieghem and Dada (1999) focus on the benefit of price postponement to a single-product firm, we consider the benefit to a two-product firm. Furthermore, Van
Mieghem and Dada (1999) consider two extreme pricing times: the price is set either before any uncertainty is resolved or after all uncertainty is resolved. We examine a model in which uncertainty reduces over time and consider a range of pricing times. The later the firm must commit to prices, the more flexible it is. This is because it would allow the firm to set the price "after" observing additional market signal. While Van
Mieghem and Dada (1999) model additional decisions, e.g., production and capacity, we choose to focus exclusively on the timing of the pricing decision so as to provide insight into the value of timing flexibility.
Consider a manufacturer that sells 2 substitutable products (1 and 2) through a retailer over a selling season that starts after period T. For tractable results, we consider the 2-product case. However, the same approach can be used to analyze the n-product case. At the beginning of period 1, the manufacturer estimates that the total demand for product i over the selling season is given by D i (1), where
represents the primary demand of product i, S it represents the "shock" to the primary demand of product i occurred in period t, b measures price sensitivity, and δ measures product substitutability. The linear demand function of each product with linear substitutability assumption is commonly used in the marketing literature. For example, Raju et al. (1990) used this form of linear demand function to model the substitutable demand between a national brand and a private label product. In our model, we assume that the shock S it follows the Auto-regressive process of order one (i.e., AR(1)) process so that S it = ρ i S i,t-1 + ε it for i=1,2, and t = 1, 2, …, T, where 0 ≤ ρ i < 1, and ε i1, ε i2 ,… , ε i,T-1 , ε i,T are i.i.d. normal random variables with mean 0 and standard deviation σ i . Without loss of generality, we set S i0 = 0 for i=1,2. The AR(1) process has been shown to be a reasonable assumption for modeling the demand of consumer packaged goods (c.f., Lee et al. (2000) ).
To make things simple, we consider the case in which the manufacturer and the retailer are both owned and controlled by a single firm. We also assume that the manufacturer has the capacity to meet the actual demand of each product over the selling season that starts after period T. In this integrated supply chain, the unit cost of each product i is given as c and we only need to decide on p i ; i.e., the retail price of each product i. (The wholesale price is determined internally between the manufacturer and the retailer.) Suppose that the firm has the flexibility to set and announce p it ; i.e., the retail price of each product i, at the end of period t, where t = 1, …, T. Once the retail price is announced, we assume that the firm is committed to sell each product at p it during the selling season that starts after period T. This implies that the firm must announce the actual retail price no later than the end of period T. Clearly, the firm would benefit from postponing the pricing decision because it would allow the firm to gain more accurate information about the market demand before setting the actual retail price. To formalize this thinking, we say that the firm employs the t-postponement strategy when the actual retail price is determined at the end of period t. Timing flexibility increases as t increases. The above setting fits the description of Zara's operations in the following manner. Zara, leading Spanish fashion company, owns the entire supply chain from manufacturing to retailing. As such, Zara has the luxury to postpone the pricing of their clothes with substitutable demand until a later period after observing some market signals (c.f., Ferdows et al. (2004) ).
Suppose a firm adopts the t-postponement strategy by setting the retail price p it at the end of period t. Then the value of S ik, has been realized: S ik = s ik for k=1,2,.., t. For any given s = {s ik , i=1,2, and k = 1, 2, …, t}, the conditional seasonal demand can be expressed as: D i (t)|s = a i + s i1 + s i2 + … + s i,t-1 + s it + S i,t+1 … + S i,T-1 + S i,T -b p it + δ(p jt -p it ). In this case, our approach for examining the value of postponing the pricing decision can be described as follows. We first determine the optimal price at time t and corresponding profit after the firm observed the realized value of S ik, for k=1,2,.., t. Then we determine the firm's `ex-ante' expected profit before S ik, k=1,2,.., t, is realized.
Consider the case when the firm needs to determine the retail price of each product at the end of period t after observing the realized value of S ik, for k=1,2,.., t. In this case, the optimal retail price p it that maximizes the manufacturer's expected profit can be determined by solving the following problem (P):
To solve problem (P), we need to determine E(D i (t)|s) for i=1,2. In preparation, we first use the AR(1) process to express S i,t+k for any given s = {s ik , i=1,2, and k = 1, 2, …, t}, getting: We now determine the `ex-ante' expected profit associated with the tpostponement strategy, which is equal to π(t) = E s (π (t, s) ). In preparation, we first use the AR(1) process to express S ik, k = 1, 2,…, t, as: . , ... , 2 , 1 and 2 , 1 for ... By examining the first-and second-order differences of π(t) with respect to t, we can conclude that the expected profit associated with the t-postponement strategy is increasing and concave in t for 0 < ρ i < 1 and is increasing linearly in t for ρ i =0.
Let V(t) be the percentage increase in the manufacturer's expected profit associated with the t-postponement strategy over the 0-postponement strategy, where V(t) = (π(t ) -π(0))/ π(0). For 0 < ρ i < 1, π(t ) is increasing and concave in t and, so, V(t) is also increasing and concave in t. Therefore, delaying the pricing decision is beneficial because it allows the manufacturer to set a more profitable price after observing some market signals for each product. In addition, significant benefit can be obtained by delaying the pricing decisions for a few periods (i.e., when t is relatively small). To illustrate, we set a 1 = a 2 =100, b = 2, c=5, δ = 3, σ = 5, ρ 1 = ρ 2 = 0.7, T =20, and we vary t from 1 to 20. As shown in Figure 8 , the percentage increase in the manufacturer's expected profit associated with the t-postponement strategy over the 0-postponement strategy; i.e., V(t), is increasing and concave in t. 
Conclusions
Throughout this paper, we have focused our discussion on how firms can use various flexibility strategies as "defensive" mechanisms for mitigating supply chain risks.
However, we must recognize the fact that these flexibility strategies can also be used as "proactive" mechanisms for firms to compete. Let us consider 3 successful examples.
As a way to reduce the process risks due to uncertain traffic conditions in Japan, SevenEleven Japan implemented a flexible process strategy that utilizes trucks, motorcycles, boats, and even helicopters to ship their products from various distribution centers to their stores throughout Japan. This flexible delivery strategy has enabled Seven-Eleven Japan to ensure Just-In-Time delivery of fresh products to the stores. This capability has helped Seven-Eleven Japan to become the most profitable convenient store in Japan. In addition, this multi-mode delivery system has earned the respect from many Japanese earthquake victims in Kobe when Seven-Eleven Japan was the first company to deliver 64,000 rice balls in Kobe within 6 hours by using 7 helicopters and 125 motorcycles.
The reader is referred to Lee (2004) for details.
Second, in the late 80s, Yamaha developed low cost and high quality motorcycles to compete with Honda. To compete, Honda improved its process flexibility so that Honda can introduce new models of motorcycles frequently. This flexibility process strategy enabled Honda to defeat Yamaha in the motorcycle market. The reader is referred to Stalk and Hout (1990) for details. More recently, Zara, the Spanish fashion company, has earned its reputation as the "Fast Fashion" company. Specifically, Zara used the flexible process strategy to speed up the design and the production process so that the company can change its complete fashion collection within 2-3 weeks. Consequently, Zara has become Europe's most profitable fashion company with double digit growth rate annually for the last 10 years. The reader is referred to Ferdows et al. (2004) for details.
Third, flexible pricing strategies via dynamic pricing have revolutionized the airline industry in the 90s. Specifically, when selling limited seats on an airplane with uncertain demand, airlines always adjust their ticket price dynamically so as to meet uncertain demand with limited supply. Cook (1998) reported that dynamic pricing has generated "almost $1 billion of incremental annual revenue" at American Airlines. In the context of e-tailing, dynamic pricing can certainly increase online traffic. For instance, Lands'
End Overstock site (http://www.landsend.com) has generated additional traffic after they introduced the "on the counter" event. Specifically, Lands' End puts a new group of products every Saturday for sale at a reduced price. The price of each item is then reduced by 25% if it is not sold by Monday, 50% by Wednesday, and 75% by Friday. By pre-announcing the markdown price schedule, many online shoppers would need to monitor the sales of these items so as to time their purchase accordingly. As online traffic increases, the total sales can increase as well.
In summary, we have examined the benefits of different flexibility strategies in the context of supply chain risk management. By considering 5 different stylized models, we have shown analytically that a firm does not need to invest in a high degree of flexibility to mitigate supply, process and demand risks; most of the benefits are obtained at low levels of flexibility. While some of the stylized models are based on work presented in the literature, our interest is to provide a structure to illustrate the power of flexibility for reducing supply chain risks. We hope our results presented in this paper and the arguments presented in Tang (2006a) provide a convincing argument for implementing some of these flexibility strategies. In many real-life settings, exact costbenefit analyses of flexibility investments are not feasible due to limitations of data availability. However, the robustness of the insight that only limited flexibility is needed to mitigate risk should encourage firms to build flexibility into their supply chains. Of course, when implementing a particular strategy in a particular context, a firm needs to establish a structured evaluation process that includes risk identification, risk assessment, decision analysis, mitigation and contingency planning. Last but not least, more analysis would be needed to examine the benefit of a combination of different flexibility strategies. As a future research topic, it would be of interest to examine the "compounding" effect of a combined strategy. In the Bernoulli case, the unit cost charged by supplier i is equal to C i , where C i equals c h with probability p, and equals c l with probability (1 − p), where c h > c l . Suppose that the manufacturer is committed to source from supplier 1 exclusively; i.e., n = 1. Then the expected unit cost, denoted by UC(1), is given as:
Next, consider the case when the manufacturer sources from suppliers 1 and 2. Because the manufacturer orders from the supplier with the lower realized unit cost, the corresponding expected unit cost is denoted by UC(2), where: UC(2) = E(min{C 1 , C 2 }). By observing that min{C 1 , C 2 }) = c h for the case when C 1 = C 2 = c h ,
. By using the same argument, it is easy to show that, when the manufacturer sources from n suppliers, the corresponding expected unit cost is denoted by UC(n) = c l + p n (c h − c l ). Using simple calculus, it is easy to show that the expected unit cost UC(n) is decreasing and convex in n.
In general, UC(n) is given by the expected value of the minimum order statistic and, therefore, UC(n) depends on the cost distribution. First, suppose that the unit cost C i is Uniformly distributed over [a, b] . Then we can use standard order-statistic results to show
. Second, suppose that the unit cost C i is Exponentially distributed with rate λ. Then we can use standard order-statistic results 1 nλ . In both of these cases, UC(n) is decreasing and convex in n.
Let V (n) be the relative savings in the expected unit cost that is obtained by n suppliers instead of 1 supplier, i.e., V (n) =
. Since UC(n) is decreasing and convex in n,
we have:
The relatives savings in the expected unit cost, V (n), is increasing and concave in n for Bernoulli, Uniform and Exponential cost distributions.
The above theorem suggests that significant savings in the expected unit cost can be obtained by using a small number of suppliers. This illustrates the power of limited flexibility to mitigate the supply-cost risk.
A.2 Supply-commitment risk: the power of flexibility via a flexible supply contract
The following description is based on a stylized model of a flexible supply contract that serves our purpose of analytically investigating the value of supply flexibility. For a more general model of quantity-flexible (QF) contracts, the reader is referred to Tsay and Lovejoy (1999) .
Consider a manufacturer that orders a product from a supplier and sells the product to a retailer at unit price p. A simple QF contract can be specified by 2 parameters: the unit cost c and an adjustment parameter u. Consider the case in which the manufacturer placed an order x sometime earlier. As the manufacturer obtained more accurate demand information, he would like to revise this particular order x. Under the QF contract, the manufacturer is allowed to adjust his order from x to y as long as y satisfies:
Therefore, the QF contract provides the 'flexibility' for the manufacturer to adjust his order as more accurate market condition becomes available. In this case, the manufacturer is considered to engage in a u-flexibility contract when u > 0, and is consider to engage in a 0-flexibility contract when u = 0.
To illustrate the power of supply flexibility via the QF supply contract, we consider a stylized two-period model in which the retailer places her order at the end of period 1. This situation is similar to the situation as described in the Sport Obermeyer case (c.f., Hammond and Raman. (1995) ). Specifically, at the beginning of period 1, the manufacturer estimates that the retailer's order (i.e., manufacturer's demand) to be realized at the end of period 1 is given as: D(1) = a + , where corresponds to the uncertain market condition to be realized in period 1 and F (·) denotes the cumulative distribution function for .
Due to supply lead time, the manufacturer needs to place an initial order quantity x at the beginning of period 1 prior to the realization of . At the end of period 1, the manufacturer observes the realization of = e and the manufacturer can revise his order from x to y. Let us first consider the second-stage problem of determining the optimal revised order y * given a market realization = e, an initial order quantity x, and a flexibility parameter u. This second-stage problem can be formulated as the following linear program:
π(u, x, e) = max where π(u, x, e) is the optimal profit associated with the u-flexibility contract for a given initial order of x and market realization e. By considering the optimal solution to the above program, it is easy to show that the optimal profit π(u, x, e) can be expressed as: . To validate this approximation scheme, we have numerically solved for the optimal x * (u) for the case of normally distributed market shocks, and our results show that V (u, x * (0)) is very close to V (u).
Using calculus, one can prove the following:
Theorem 2 The (approximated) relative increase in expected profit V (u, x * (0)) is increasing and concave in u.
Our numerical work also validated that V (u) is increasing and concave in u. (The omitted details are available upon request.) Hence, one can conclude that significant value can be obtained with a small amount of flexibility; i.e., when u is small. This illustrates the power of limited flexibility to mitigate the supply-commitment risk.
A.3 Process risk: the power of flexibility via flexible manufacturing processes Jordan and Graves (1995) [hereafter, JG95] investigated the value of process flexibility in the context of uncertain demand. A central finding in JG95 is the observation that limited flexibility, if correctly configured, can deliver most of the benefit of total flexibility. We adopt the model of JG95 but recast it in terms of uncertain plant capacities instead of uncertain demands. We analytically establish that the value of flexibility is concave.
Consider a system with n plants and n products. The capacity of each plant j, denoted by C j , is i.i.d. normally distributed with a mean µ and a standard deviation σ. Each product i has a deterministic demand equal to µ. In a manner directly analogous to JG95, one can
show that the expected demand shortfall (i.e., the quantity of demand not filled) is equal
where M is any subset of products and P (M) is the subset of plants that can produce at least one of the products in M.
JG95 proposed an "efficiency" metric Π(M * ) that reflects the probability that the shortfall of a limited-flexibility system exceeds the shortfall of a totally-flexible system (i.e., one in which every plant can produce every product.) They established that Π(M * ) is a good predictor of the "efficiency" of a flexibility configuration, that is, a limited-flexibility system with a small value of Π(M * ) gives a similar expected shortfall to that of a totally-flexible system. We use the same efficiency metric here, but adapt if for the case of uncertain capacities rather than uncertain demands. In this case,
To illustrate the power of process flexibility, we consider the h-flexibility system configurations proposed by JG95. In the h-flexibility configuration, each plant has the capability to produce exactly h products in the following manner. When h = 1, the system has no flexibility as each plant i is capable of producing product i only. Hence, 1-flexibility system corresponds to a system with no flexibility. In the 2-flexibility system, the system has some flexibility in the sense that plant 1 can produce products 1 and 2, plant 2 can produce products 2 and 3, ..., and plant n can produce products n and 1. In general, the level of . Because the function Π(h) is decreasing and convex in h, we can conclude that:
Theorem 3 The percentage increase in efficiency associated with a h-flexible system, V (h),
is increasing and concave in h.
The above theorem suggests that significant system efficiency occurs in systems with limited flexibility; i.e., when h is small. This illustrates the power of limited flexibility to mitigate process risk.
